The mechanism of gene regulation by the H2A deubiquitinase BAP1 is unclear. Results: BAP1 loss increases FoxK2 target gene expression but not in the absence of the H2A ubiquitin ligase complex Ring1B-Bmi1. Conclusion: BAP1 counteracts Ring1B-Bmi1-dependent activation of FoxK2 target genes. Significance: BAP1 deficiency in cancer cells might cause up-regulation of target genes in a Ring1B-Bmi1-dependent manner.
BRCA1-associated protein 1 (BAP1) is a tumor suppressor gene that is somatically mutated in a variety of cancer types, including mesothelioma, uveal melanoma, renal cell carcinoma, and cholangiocarcinomas (1) (2) (3) (4) (5) (6) (7) (8) . In addition, heterozygous germ line mutations in the BAP1 gene cause a hereditary cancer predisposition syndrome that is characterized by high incidences of mesothelioma, uveal melanoma, renal cell carcinoma, atypical melanocytic tumors, and others (1, 8 -11) . BAP1 is also a tumor suppressor in experimental systems. Restoration of BAP1 in a BAP1-null cell line, H226, suppresses its proliferation and tumor formation in a xenograft model (12) , whereas conditional knockout of BAP1 in adult mice causes myeloid transformation (13) . However, despite the mounting evidence linking BAP1 deficiency with cancer, how loss of BAP1 drives tumor formation is less understood.
BAP1 is a deubiquitinase (DUB) 2 in the ubiquitin C terminus hydrolase family. On one hand, BAP1 has been shown to deu-are needed to understand which genes are regulated by BAP1, how BAP1 is recruited to the target genes, and how BAP1 controls gene expression. In particular, assessing the role of DUB activity and the requirement of the interactions with coregulators such as HCF-1 are necessary to figure out the complex mechanism of gene regulation by BAP1.
The BAP1-interacting proteins FoxK1 and FoxK2 are members of the Fox transcription factors, which are characterized by the forkhead DNA-binding domains (24, 25) . FoxK1 and FoxK2 are distinguished from other Fox transcription factors by the presence of the forkhead-associated (FHA) domains, which recognize phosphothreonine-containing peptides (26, 27) . Functionally, FoxK1 has been implicated in the proper control of cell proliferation and the cell cycle and plays a critical role in myogenic progenitor cells in mice (28 -30) . Little is known about the physiological roles for FoxK2, but its function has been linked to cell cycle regulation because it is phosphorylated by cyclin-dependent kinases (31) . Moreover, FoxK2 colocalizes with AP-1 and promotes AP-1-mediated transcriptional activation (32) .
It has been reported recently that FoxK2 functions as a chromatin-targeting factor for BAP1 (33) . The present study utilizes FoxK2-mediated gene regulation to dissect the role of BAP1 DUB activity and the importance of the interactions with HCF-1 and FoxK2. We demonstrate that FoxK2 recruits BAP1 via its FHA domain in a phosphorylation-dependent manner. BAP1 functions as a corepressor at FoxK2 target genes, and this function is dependent on DUB activity but not HCF-1 interaction. Our data indicate that BAP1 plays an antagonizing role against Ring1B in gene expression, raising the interesting possibility that Ring1B can be an activator in the absence of BAP1.
EXPERIMENTAL PROCEDURES
Plasmids-Full-length BAP1 cDNA (15) was subcloned into a mammalian expression vector, pEFF-C (C-terminal FLAG tag), pEFF-C/2NLS (C-terminal FLAG tag and two SV40 nuclear localization signals), and a retrovirus vector, pMX-Neo. Full-length FoxK1 and FoxK2 cDNAs were generated from the breast epithelial cell line MCF10A by reverse transcription PCR using LA Taq (Takara) and cloned into pEFF-N (N-terminal FLAG tag) and pEFM-N (N-terminal Myc tag). The cDNAs encoding the N-terminal portions of FoxK1 (1-234) and FoxK2 (8 -190) were amplified by PCR and cloned into pGEX-5X-1. Site-directed mutagenesis was performed using pfu Turbo (Agilent Technologies), and all introduced mutations were confirmed by sequencing.
Cell Culture-The human embryonic kidney cell line 293T and the human lung cancer cell lines H1299 and H226 were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum. For transient protein expression, 293T cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen). Retroviruses and lentiviruses were produced by transfecting viral and packaging plasmids in 293T cells as described previously (15) . Cells were infected with virus-containing media in the presence of 4 g/ml Polybrene (Sigma) and selected with 2 g/ml puromycin (Sigma) for 2-5 days. Infected cells were cultured in the absence of puromycin for at least 24 h before subsequent assays.
RNA Interference-Transfection of siRNAs was performed using Lipofectamine RNAi Max (Invitrogen), and cells were analyzed after 48 h. For stable knockdown using shRNA, cells were infected with pLKO.1-based lentiviral vectors and selected with 2 g/ml puromycin (Sigma) for 4 days. The target sequences of siRNA and shRNAs were as follows: siControl, 5Ј-CGUACG-CGGAAUACUUCGA-3Ј; siBAP1.214, 5Ј-CGACCUUCAGAG-CAAAUGU-3Ј; siBAP1.2132, 5Ј-GAGUUCAUCUGCACCU-UUA-3Ј; siFoxK2.1734, 5Ј-CAGGGAAGUCAAAGUGAAA-3Ј; siFoxK2.2287, 5Ј-GCUGGCCUUAACACUCCUU-3Ј; shControl, 5Ј-CAACAAGAUGAAGAGCACCAA-3Ј; shBAP1.321, 5Ј-CGUCCGUGAUUGAUGAUGAUA-3Ј; shBAP1.2119, 5Ј-CCA-CAACUACGAUGAGUUCAU-3Ј; shFoxK2.2287, 5Ј-GCUGGC-CUUAACACUCCUUAA-3Ј; shRing1B, 5Ј-GCCAGGAUCA-ACAAGCACAAU-3Ј; and shBmi1, 5Ј-CCAGACCACUA-CUGAAUAUAA-3Ј.
Immunoprecipitation and Western Blotting-Cells were lysed in Nonidet P-40 lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA, 50 mM NaF, 1 mM Na 2 VO 4 , and 10% glycerol) containing a protease inhibitor mixture (Sigma). For immunoprecipitation, cell lysates containing 1-2 mg of proteins were mixed with antibodies overnight at 4°C. Immune complexes were then captured using protein A-or protein G-Sepharose beads (GE Healthcare). For precipitation of FLAG-tagged proteins, anti-FLAG M2 affinity beads (Sigma) were mixed with lysates for 4 h at 4°C. Beads were then washed five times with Nonidet P-40 lysis buffer, and precipitated proteins were eluted in 2ϫ SDS-PAGE sample buffer by boiling. The following antibodies were used for Western blotting: anti-BAP1 and anti-GST (Santa Cruz Biotechnology), anti-FoxK1 and anti-FoxK2 (Bethyl Laboratory), anti-Ring1B and anti-FoxO3a (Cell Signaling Technology), anti-FLAG and anti-␤-actin (Sigma), anti-GAPDH (GeneTex), and anti-Bmi1 (Millipore). Anti-Myc (9E10) ascites fluid was produced at Cocalico Biologicals. Anti-HCF-1-N antibodies have been described previously (15) . Anti-HCF1-C and anti-KAP1 antibodies were obtained from Winship Herr and Zhenkun Lou, respectively.
Recombinant Proteins and Pulldown Assays-GST fusion proteins were expressed in Escherichia coli BL21(DE3), purified using glutathione-agarose beads (Sigma), and desalted using spin columns (Thermo Scientific). For GST pulldown assays, 5 g of GST fusion proteins was immobilized on glutathioneagarose beads and incubated with 293T lysates containing 1 mg of proteins at 4°C for 4 h. Where indicated, 293T cell lysates were treated with protein phosphatase (New England Biolabs) for 30 min at 30°C in the presence or absence of phosphatase inhibitors (5 mM NaF, 1 mM Na 3 VO 3 , and 2 mM ␤-glycerophosphate). The beads were washed five times with GST binding buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1.0% Nonidet P-40, and 25 mg/ml bovine serum albumin) by rotating for 5 min at 4°C. Samples were then boiled in 2ϫ SDS-PAGE sample buffer and subjected to Western blotting. GST proteins were visualized with Coomassie Brilliant Blue. For peptide pulldown assays, 15 g of synthetic peptides corresponding to amino acids 487-499 of human BAP1 with or without phosphorylation at Thr-493 (CTPSNESpTDTASEI or CTPSNESTDTASEI) was covalently attached to Sulfolink resin (Thermo Scientific).
Beads were incubated with 0.5 g of GST-FoxK1-N or GST-FoxK2-N proteins in PBS containing 0.1% Triton X-100 for 2 h at 4°C and washed five times with PBS containing 0.1% Triton X-100 for 5 min at 4°C. Proteins were eluted by boiling beads in 2ϫ SDS-PAGE sample buffer and analyzed by Western blotting.
ChIP Assays-Cells (1 ϫ 10 7 ) were fixed with 1% formaldehyde for 10 min and quenched with 125 mM glycine. Cells were lysed in ChIP lysis buffer (50 mM HEPES-NaOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% sodium deoxycholate) a containing protease inhibitor mixture (Sigma). The cell lysates were sonicated by a sonic dismembrator (Fisher Scientific, model 500) to fragment the genomic DNA to ϳ200 -400 bp. Immunoprecipitation was performed by incubating lysates with 2 g of anti-BAP1 antibodies (Santa Cruz Biotechnology) or 5 l of rabbit anti-HCF-1-N antiserum (15) overnight at 4°C, followed by incubation with protein G or protein A beads for 2 h. The beads were washed twice with ChIP lysis buffer for 5 min at 4°C, twice with Tris/LiCl buffer (10 mM Tris-HCl (pH 8.0), 0.25 M LiCl, 1 mM EDTA, 0.5% Nonidet P-40, and 0.5% sodium deoxycholate) for 5 min at 4°C, and twice with 2ϫ Tris/ EDTA buffer (20 mM Tris-HCl (pH 8.0) and 2 mM EDTA) for 5 min at 4°C and then incubated in 1ϫ Tris/EDTA buffer overnight at 65°C for de-cross-linking. Proteins were digested with proteinase K at 55°C for 30 min, and DNA was purified by phenol/chloroform/isoamyl extraction and ethanol precipitation. Precipitated DNA was analyzed by quantitative PCR (qPCR) using iQ SYBR Green PCR Master Mix (Bio-Rad). Primer pairs for ChIP assays were as follows: MCM3, 5Ј-ATCAGAACTGCCCTCCAGTG-3Ј and 5Ј-CGGCGATGTCTTTATGGAGT-3Ј; CDC14A, 5Ј-ACCAC-CACAACAAACAGCAA-3Ј and 5Ј-TACATGCACTGCCC-TGTACC-3Ј; CDKN1B, 5Ј-GGCCTCAGAAGACGACGT-CAAAC-3Ј and 5Ј-AGCCTTCCCCATTGCTACTT-3Ј; and SRF int3, 5Ј-GCCACAGGGCAGTAGATGTT-3Ј and 5Ј-GCCACAGGGCAGTAGATGTT-3Ј as reported previously (32) .
For ChIP assays using anti-Ring1B or anti-H2Aub antibodies, cells were lysed in extraction buffer (50 mM Tris-HCl (pH 7.5), 150 mM KCl, 1% Nonidet P-40, 0.04% sodium dodecyl sulfate, and 0.2% sodium deoxycholate) containing a protease inhibitor mixture. Immunoprecipitation was performed with protein A beads prebound with 2 g of anti-Ring1B (Cell Signaling Technology) or anti-H2Aub (Cell Signaling Technology) antibodies overnight at 4°C. Beads were washed five times with radioimmune precipitation assay wash buffer (50 mM Tris-HCl (pH 7.5), 150 mM KCl, 1% Nonidet-P-40, and 0.25% sodium deoxycholate) for 5 min at 4°C and twice with TE wash buffer (10 mM Tris-HCl (pH 7.5) and 1 mM EDTA).
Quantitative RT-PCR-Total RNA was purified using the RNeasy mini kit (Qiagen), and cDNA was generated using Superscript III reverse transcriptase (Invitrogen). qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and the following primer pairs: MCM3, 5Ј-CGCAGTGT-CCACTACTGTCC-3Ј and 5Ј-CTCCTGGATGGTGATG-GTCT-3Ј; CDC14A, 5Ј-CATCGATGAGGAGCTGGTCT-3Ј and 5Ј-TTTGCTCTTTTCCGTTGGTC-3Ј; CDKN1B, 5Ј-CATTTGGTGGACCCAAAGAC-3Ј and 5Ј-CTTCTGAG-GCCAGGCTTCTT-3Ј; and GAPDH, 5Ј-CAATGACCCC-TTCATTGACC-3Ј and 5Ј-GACAAGCTTCCCGTTCT-CAG-3Ј.
RESULTS
BAP1 Forms Ternary Complexes Containing FoxK1/K2 and HCF-1-FoxK1 and FoxK2 (hereafter FoxK1/K2) have been identified as BAP1-interacting proteins by mass spectrometry analyses of BAP1-containing complexes (13, 15, 22, 34) . We confirmed the interactions between BAP1 and FoxK1/K2 at the endogenous levels by coimmunoprecipitation. Both FoxK1 and FoxK2, but not FoxO3a, were coprecipitated with BAP1 ( Fig.  1A) . Reciprocally, BAP1 was recovered in FoxK1 and FoxK2 immunoprecipitations whereas KAP1 was not ( Fig. 1B) . As shown in Fig. 1C , FoxK1/K2 immunoprecipitations also contained a known BAP1-interacting protein, HCF-1 (13, 15, 22) , suggesting that FoxK1/K2 and HCF-1 are present in the same complexes. To determine the role of BAP1 in the interactions of FoxK1/K2 and HCF-1, we performed coimmunoprecipitation experiments in a BAP1-deficient cell line, H226, which has a homozygous deletion of the BAP1 gene (35) . The interactions between FoxK1/K2 and HCF-1 were undetectable in H226 cells but were restored when BAP1 was expressed exogenously (Fig.  1D ). These results suggest that BAP1, FoxK1/K2, and HCF-1 form a ternary complex and that BAP1 is required for the interaction between FoxK1/K2 and HCF-1.
The FHA Domains of FoxK1 and FoxK2 Are Necessary to Bind BAP1-To gain more insight into the interaction between BAP1 and FoxK1/K2, we next determined the BAP1-interacting regions of FoxK1/K2. Coimmunoprecipitation experiments revealed that the FoxK1/K2 N-terminal regions (FoxK1-N and FoxK2-N), which contain the FHA domains ( Fig. 1E) , are sufficient to interact with BAP1 in vivo (Fig. 1F ). In the in vitro pulldown assays, GST fusion proteins of the FoxK1/K2 N-terminal regions efficiently pulled down BAP1 from cell lysates ( Fig. 1G , left panel). Taken together, these experiments show that the N-terminal regions of FoxK1 and FoxK2, which contain the FHA domain, are sufficient to interact with BAP1.
Next we tested whether the FHA domains of FoxK1/K2 are required for the interaction with BAP1. Previous studies have shown that the conserved Arg residue in the FHA domain plays a key role in recognizing phosphothreonine and that mutation of the Arg residue diminishes interactions with phosphopeptides (27) . We introduced the equivalent mutation at Arg-127 (R127A) in the FoxK1 FHA domain and examined its effect on the interaction between FoxK1 and BAP1. This mutation diminished the interaction of GST-FoxK1-N and BAP1 in the in vitro pulldown assays ( Fig. 1G, right panel) and also disrupted the interaction between full-length FoxK1 and BAP1 in vivo (Fig. 1H) . Similarly, we found that a FoxK2 mutant lacking the FHA domain (⌬FHA) was incapable of interacting with BAP1 in the coimmunoprecipitation experiments ( Fig. 1I ), confirming the requirement of the FHA domain for the interaction with BAP1 (33) . Collectively, these data show that FoxK1 and FoxK2 interact with BAP1 through their FHA domains.
Identification of the FoxK1/K2-interacting Region of BAP1-
To better understand the mechanism of interaction between BAP1 and FoxK1/K2, we next determined the FoxK1/K2-inter-acting region of BAP1. As shown in Fig. 2A , we generated BAP1 deletion mutants and determined their ability to interact with FoxK1/K2 by immunoprecipitation. It has been reported FIGURE 1. FoxK1 and FoxK2 form ternary complexes with BAP1 and HCF-1. A, interaction of endogenous FoxK1/K2 with BAP1 in vivo. BAP1 was immunoprecipitated (IP) with specific antibodies, and the indicated proteins were detected by Western blotting. FoxO3a is shown as a negative control. B, association of FoxK1/K2 with BAP1 in vivo. FoxK1 or FoxK2 was immunoprecipitated, and the indicated proteins were detected by Western blotting. KAP1 is shown as a negative control. C, complex formation of FoxK1/K2 with HCF-1. FoxK1 or FoxK2 was immunoprecipitated, and the indicated proteins were detected by Western blotting. D, in vivo association of FoxK1/K2 with BAP1 and HCF-1 in H226 BAP1-deficient cells. BAP1 was expressed in H226 cells, and FoxK1 or FoxK2 was immunoprecipitated with specific antibodies. The indicated proteins were detected by Western blotting. The arrowheads and asterisks indicate HCF-1 bands and nonspecific bands, respectively. E, schematic of FoxK1 and FoxK2 proteins. F, interactions between the N-terminal regions of FoxK1/K2 and BAP1. Full-length or N-terminal regions (indicated in E) of FoxK1 and FoxK2 were expressed with a FLAG tag and immunoprecipitated with anti-FLAG antibodies or control IgG. Coprecipitated endogenous BAP1 was detected by Western blotting (WB). G, in vitro interactions between BAP1 and the N-terminal regions of FoxK1/K2. GST pulldown assays were performed with the indicated GST fusion proteins mixed with 293T cell lysates. GST fusion proteins in the precipitates were visualized by Coomassie staining, and coprecipitated BAP1 was detected by Western blotting. H, coimmunoprecipitation experiments of BAP1 and the FoxK1 R127A mutant. The indicated proteins were coexpressed in 293T cells, and FLAG-BAP1 was precipitated with anti-FLAG antibodies. Myc-FoxK1 was detected by anti-Myc Western blotting. I, coimmunoprecipitation experiments of BAP1 and the FHA deletion mutant (⌬FHA) of FoxK2. FIGURE 2. Phosphorylation-dependent interactions between BAP1 and FoxK1/K2. A, schematic of BAP1 and its truncation mutants. Regions highly conserved between species are shown in gray. FL, full-length; UCH, ubiquitin C-terminal hydrolase; NLS, nuclear localization signal. B, mapping of the FoxK1/ K2-interacting domains of BAP1. Full-length BAP1 and its truncation mutants, depicted in A, were expressed with a FLAG tag and precipitated with anti-FLAG antibodies. Coprecipitated endogenous FoxK1 and FoxK2 proteins were detected by Western blotting (WB). IP, immunoprecipitation. C, effect of -phosphatase treatments on BAP1 gel mobility. Cell lysates were treated with -phosphatase in the presence or absence of phosphatase inhibitors, and the indicated proteins were assessed by Western blotting. D, in vitro interaction between BAP1 and the N-terminal region of FoxK1/FoxK2. GST pulldown assays were performed using the indicated GST fusion proteins, and 293T cell lysates were treated with or -phosphatase or left untreated. Precipitated GST fusion proteins were visualized by Coomassie staining, and coprecipitated BAP1 was detected by Western blotting. E, alignment of BAP1, Sds3, and E1A sequences surrounding the conserved Thr residue (arrowhead), which is phosphorylated in Sds3. Identical amino acids are highlighted. F, alignment of the FoxK1/K2-interacting region of BAP1 from various species. Identical and similar amino acids are highlighted with different contrasts. G, in vivo interactions between BAP1 (435-608) and FoxK1/K2. FLAG-tagged BAP1 (435-608) with various point mutations was expressed in 293T cells and immunoprecipitated with anti-FLAG antibodies. Coprecipitated endogenous FoxK1 and FoxK2 were detected by Western blotting. H, in vivo interactions between FoxK1/K2 and full-length BAP1. FLAG-tagged BAP1 proteins (wild-type, T493A, and T493L) were expressed and immunoprecipitated with anti-FLAG antibodies. Coprecipitated endogenous FoxK1/K2 was detected by Western blotting. I, peptide pulldown assays. Peptides corresponding to the 487-499 amino acid region of BAP1 were synthesized with or without phosphorylation at Thr-493 and conjugated to beads. Pulldown assays were performed by mixing beads and recombinant GST-FoxK1-N or GST-FoxK2-N proteins, and precipitated GST-fusion proteins were detected by Western blotting using anti-GST antibodies. T493, non-phosphorylated peptide; pT493, peptide phosphorylated at Thr-493.
recently that deletion of the N-terminal ubiquitin C terminus hydrolase domain or the C-terminal domain from BAP1 reduced its interaction with FoxK2 (33) . In our experiments, however, deletion of the N-terminal or C-terminal region of BAP1 did not affect the interaction between the deletion fragments and endogenous FoxK1/K2 (Fig. 2B ), suggesting that the central region of BAP1, which contains an HCF-1-binding motif (HBM) and a highly conserved region (477-526) ( Fig.  2A) , might interact with FoxK1/K2. Indeed, a BAP1 fragment containing this highly conserved region precipitated FoxK1/K2 as efficiently as full-length BAP1 (Fig. 2B) , indicating that this conserved region of BAP1 is sufficient to interact with FoxK1/K2.
Phosphorylation of BAP1 Is Required for Interaction with FoxK1/K2-Because FHA domains are known to interact with phosphothreonine peptides, we wondered whether the interactions between BAP1 and FoxK1/K2 might involve phosphorylation of BAP1. Indeed, a gel mobility shift of BAP1 was observed when cell lysates were treated with -phosphatase (Fig. 2C ), suggesting that BAP1 is a phosphoprotein. We therefore examined the possibility that FoxK1/K2 interacts with BAP1 in a phosphorylation-dependent manner by in vitro GST pulldown assays using cell lysates treated with -phosphatase. Interactions of GST-FoxK1-N and GST-FoxK2-N with BAP1 in cell lysates were greatly reduced by -phosphatase treatment (Fig. 2D) , indicating that the interactions between BAP1 and FoxK1/K2 are dependent on phosphorylation.
We next sought to identify the BAP1 phosphorylation site required for the FoxK1/K2 interaction. Previous studies showed that the FHA domain of FoxK1 interacted with Thr(P)-493 in Sds3 (36) . Examination of the FoxK1/K2-interacting region of BAP1 (amino acids 435-608) revealed a segment that resembles the sequence of Sds3 surrounding Thr-49 ( Fig. 2E ). Furthermore, these sequences have a similarity to the FoxK1/ K2-interacting domain of adenovirus E1A ( Fig. 2E ), another protein known to interact with FoxK1 and FoxK2 in a phosphorylation-dependent manner (37) . In addition, Thr-493 in human BAP1 is highly conserved among BAP1 homologs (Fig.  2F ). We therefore hypothesized that Thr-493 phosphorylation is necessary for the interaction with FoxK1/K2. To test this possibility, we first substituted Thr-493 with alanine (T493A) and performed immunoprecipitation assays. The T493A mutation disrupted the interaction with endogenous FoxK1/K2 proteins, whereas the point mutations at Ser or Thr residues in the surrounding region did not affect the interaction (Fig. 2G) . Similarly, full-length BAP1 harboring the T493A or T493L mutation failed to interact with FoxK1/K2 in the coimmunoprecipitation experiments (Fig. 2H) . These results indicate that Thr-493 of BAP1 is required for the interaction with FoxK1/K2. We next determined the effect of Thr-493 phosphorylation on the interactions with FoxK1/K2. We prepared two synthetic peptides corresponding to the sequences surrounding Thr-493 of BAP1: one containing non-phosphorylated Thr-493 and the other containing Thr(P)-493. These synthetic peptides were immobilized on beads, and the interaction with the N-terminal regions of FoxK1/K2 produced in E. coli was examined by in vitro pulldown assays (Fig. 2I ). The Thr(P)-493 peptides pulled down GST-FoxK1-N and GST-FoxK2-N efficiently whereas non-phosphorylated peptide did not. Altogether, these data suggest that phosphorylation of BAP1 at Thr-493 is important for the interactions with FoxK1/K2 FHA domains.
FoxK2 Recruits BAP1 and HCF-1 to FoxK2 Target Genes-We next determined whether the ternary complex of FoxK2, BAP1, and HCF-1 is formed on the FoxK2-binding regions on the genome. ChIP assays showed that BAP1 was recruited to the previously reported FoxK2-binding regions of MCM3, CDC14A, and CDKN1B (32) but not to a negative control region (SRF int3) (Fig. 3A) . Importantly, BAP1 recruitment was greatly reduced in FoxK2-depleted cells, suggesting that recruitment of BAP1 to FoxK2 targets is dependent on FoxK2. These results are consistent with a recent report that concluded that FoxK2 recruits BAP1 to its binding regions (33) .
To gain more insight into BAP1 recruitment to FoxK2 binding regions, we expressed various BAP1 mutants in H226 BAP1-null cells and examined their recruitment to FoxK2 binding regions (Fig. 3B ). As expected, exogenously expressed wild-type BAP1 (BAP1 WT) was recruited to FoxK2 binding regions but not to a control region. A catalytically inactive mutant of BAP1 (C91S) was also recruited to FoxK2-binding regions, indicating that the BAP1 recruitment does not require its DUB activity. Similarly, the interaction with HCF-1 is not necessary for the localization of BAP1 to FoxK2-binding regions because the recruitment was not affected by the HBM* mutation (the HBM sequence (NHNY) was replaced with AAAA), which disrupts interaction with HCF-1 (15) . On the other hand, a point mutation at Thr-493 (T493A) phosphorylation site, which impairs interaction with FoxK2 (Fig. 2H) , diminished BAP1 recruitment to FoxK2 target genes, supporting our model that FoxK2 recruits phosphorylated BAP1 to FoxK2 target genes.
Although it has been shown recently that HCF-1 localizes to FoxK2-binding regions (33) , it remains to be determined whether FoxK2 directly recruits HCF-1 or does so indirectly through BAP1 recruitment. To address this point, we first tested whether BAP1 is necessary for HCF-1 recruitment. Knockdown of BAP1 in BAP1-proficient cells reduced HCF-1 recruitment to FoxK2 target genes (Fig. 3C) , whereas exogenous expression of BAP1 in a BAP-deficient cell line restored HCF-1 recruitment (Fig. 3D ), suggesting that HCF-1 recruitment is dependent on BAP1. BAP1 could recruit HCF-1 through the direct protein-protein interaction via its HBM, or BAP1 might induce HCF-1 recruitment indirectly through modulation of the chromatin structure via H2A deubiquitination. To address these points, we expressed BAP1 mutants that are deficient in catalytic activity (C91S) or HCF-1 interaction (HBM*) in the BAP1-deficient cell line and examined HCF-1 recruitment. The catalytically inactive mutant recruited HCF-1 as efficiently as the wild type, whereas the HBM* mutant exhibited greatly diminished HCF-1 recruitment (Fig. 3D) . These data indicate that BAP1 recruits HCF-1 through direct interaction but not through DUB activity. Collectively, these data suggest that FoxK2 recruits BAP1 through recognition of Thr(P)-493, and BAP1, in turn, recruits HCF-1 via HBM.
BAP1 Represses Expression of FoxK2 Target Genes-Having established the recruitment of BAP1 and HCF-1 to the FoxK2 target genes, we examined their effects on gene expression. BAP1 depletion in BAP1-proficient cells increased expression of the FoxK2-target genes MCM3, CDC14A, and CDKN1B (Fig. 4A) , whereas restoration of BAP1 in a BAP1negative cell line repressed the expression levels (Fig. 4B) , demonstrating that BAP1 negatively regulates the expression of FoxK2 target genes. Further studies showed that the DUB activity of BAP1 is necessary for this repression because the inactive mutant of BAP1 did not reduce gene expression (Fig. 4B) . Interestingly, the HBM* mutant of BAP1 reduced target gene expression as efficiently as the wild type, suggesting that HCF-1 interaction is not necessary for the repression of gene expression. On the other hand, the T493A mutant of BAP1, which is deficient in interacting with FoxK2 (Fig. 2H) , exhibited diminished abilities to repress target genes. This result suggests that down-regulation of BAP-regulated gene expression requires its local recruitment to target genes by FoxK2. Consistent with the notion that FoxK2 recruits BAP1 to repress target genes, knockdown of FoxK2 in the BAP1-proficient cell line increased target gene expression ( Fig. 4C) , mimicking the effect of BAP1 depletion.
BAP1 Loss Causes PRC1-mediated Up-regulation of FoxK2 Target Genes-Because repression of the FoxK2 target genes requires BAP1 DUB activity (Fig. 4B) , we next explored possible BAP1 substrates involved in this regulation. Although HCF-1 can be deubiquitinated by BAP1 (14, 15) , we ruled out HCF-1 as a relevant substrate because mutation of the HBM (HBM*), which recruits HCF-1, did not affect the repression by BAP1 (Fig. 4B) . Histone H2A is also a known substrate of BAP1 (16), and we confirmed that H2Aub levels increased at FoxK2-binding regions following BAP1 depletion but not at a negative control region (SRF int3) (Fig. 5A) . A reciprocal experiment also showed that BAP1 restoration in a BAP1-deficient cell line reduced H2Aub at the FoxK2-binding regions but not at the negative control region (Fig. 5B) . The inactive mutant of BAP1 (C91S) and the T493A mutant did not reduce H2Aub levels at these loci, suggesting that BAP1 directly deubiquitinates H2A at the FoxK2-binding regions.
Histone H2A is ubiquitinated by Ring1B, a ubiquitin E3 ligase and the catalytic subunit of PRC1. Accordingly, we next addressed the interplay between BAP1 and Ring1B on FoxK2regulated gene expression. ChIP experiments confirmed that Ring1B was detectable at the FoxK2-binding regions of MCM3, CDC14A, and CDKN1B (Fig. 5, C and D) . The amount of Ring1B at these regions was unaffected by BAP1 depletion in BAP1-proficient cells (Fig. 5C ) or by BAP1 restoration in BAP1deficient cells (Fig. 5D) , indicating that the down-regulation of H2Aub by BAP1 is not due to reduction in Ring1B recruitment. To assess the functional relationship between BAP1 and Ring1B in the repression of the FoxK2 target genes, we codepleted Ring1B and BAP1 (Fig. 6A) . Consistent with the experiments shown above (Fig. 4A ), BAP1 depletion up-regulated the FoxK2 target genes MCM3, CDC14A, and CDKN1B in the control experiments. In striking contrast, BAP1 depletion in the Ring1B-depleted cells did not up-regulate these genes, indicating that up-regulation of FoxK2 target genes upon BAP1 requires Ring1B. This was most obvious in the MCM3 gene, in which Ring1B depletion by itself minimally affected MCM3 expression, and, yet, it diminished up-regulation after BAP1 knockdown (Fig. 6B, left panel) . Interpretation of the data was slightly complicated at CDC14A and CDKN1B (Fig. 6B , center and right panels) because Ring1B depletion by itself up-regulated these genes, a phenomenon most likely reflecting the loss of Ring1B-mediated silencing. Nonetheless, BAP1 knockdown did not increase gene expression under the Ring1B-depleted condition, suggesting a role of BAP1 as a suppressor of Ring1Bdependent activation of FoxK2 target genes.
Because Ring1B dimerizes with Bmi1 to form an active E3 ligase in PRC1 (19) , we tested whether Bmi1 also has an antagonizing relationship with BAP1. Like Ring1B depletion, knockdown of Bmi1 diminished up-regulation of FoxK2 target genes after BAP1 depletion (Fig. 6, C and D) . Together, these results suggest that BAP1 loss causes the PRC1-dependent induction of FoxK2 target gene expression.
DISCUSSION
In this study, we investigated the molecular basis of the interaction between BAP1 and FoxK1/K2 and examined the role of BAP1 in the regulation of FoxK2 target genes. On the basis of our data, we propose that the FHA domain of FoxK2 recruits BAP1 phosphorylated at Thr-493. BAP1, in turn, brings HCF-1 to FoxK2 target genes via direct interaction at HBM (Fig. 6E ). Our study found that BAP1 represses FoxK2-target genes but that this repression is mainly mediated by suppressing PRC1dependent activation through BAP1 DUB activity rather than by HCF-1 recruitment. The data presented here are consistent with the model that BAP1 represses gene expression by deubiquitination of H2A, although it remains possible that additional substrates play a role (Fig. 6E) .
Our study showed that the interactions between FoxK1/K2 and BAP1 are phosphorylation-dependent. On the contrary, Ji et al. (33) reported recently that FoxK2 interacts with BAP1 in a phosphorylation-independent manner. This discrepancy might come from the methods used in the experiments. In our experiments, we performed GST pulldown assays using cell lysates pretreated with -phosphatase. This may have allowed -phosphatase to remove phosphate groups from BAP1 before it interacted with the FHA domains in the subsequent GST pulldown assays. In contrast, Ji et al. (33) performed immunoprecipitation from the phosphatase-treated cell lysates in which FoxK2-bound BAP1 might have been protected from dephosphorylation at Thr-493 because of interactions with the FHA domain. Supporting our phosphorylation dependence model, the peptide pulldown assays showed a clear dependence on phosphorylation at Thr-493 ( Fig. 2I) . Given that the FHA domain of FoxK1 interacts with Sds3 in a phosphorylationdependent manner (36) , our data suggest that the FHA domains of FoxK1 and FoxK2 share a common interaction mechanism in which the interaction is greatly enhanced by threonine phosphorylation.
We also showed that FoxK1/K2, BAP1, and HCF-1 form a ternary complex in which BAP1 bridges FoxK1/K2 and HCF-1. It is interesting that FoxK2 recruits HCF-1 through BAP1, whereas some other transcription factors, such as E2F, recruit HCF-1 directly (38) . It is possible that recruitment through BAP1 allows another layer of regulation for HCF-1. For example, HCF-1 is known to interact with a number of histone-modifying enzymes (39) , so deubiquitination of histone H2A by BAP1 could create a different environment for these chromatin regulators. Alternatively, given that BAP1 can deubiquitinate HCF-1 (14, 15) , it is possible that BAP1 remodels HCF-1 complexes, potentially regulating recruitment of histone-modifying enzymes. Although this study did not find a critical function of HCF-1 at the FoxK2 target genes, further studies will be needed to fully understand the role of the BAP1⅐HCF-1 complex in gene regulation.
Our finding that BAP1 represses gene expression is consistent with a previous report showing that Drosophila PR-DUB, a complex of the BAP1 ortholog Calypso and the Polycomb group protein Asx, repressed Hox genes (16) . However, unlike our study, codepletion of the Ring1B ortholog dRing in Drosophila did not correct Hox gene misexpression caused by PR-DUB depletion (through an Asx mutation). Instead, the codepletion resulted in an even more rapid loss of Hox gene silencing than individual depletion, suggesting that both ubiq- uitination and deubiquitination of histone H2A are important for gene silencing (16, 21) . Therefore, one might ask whether the up-regulation of target genes following BAP1 depletion in our study is simply due to loss of the Ring1B-mediated silencing rather than activation by Ring1B. We believe that our results cannot be explained by this model for three reasons. First, such a model does not explain the effect on MCM3, where BAP1 depletion up-regulated MCM3 but Ring1B depletion had only a minor effect (Fig. 6B, left panel) . Second, the model predicts that BAP1 depletion in the Ring1B-depleted background would increase gene expression at least to the same levels as in control. However, the increased levels after BAP1 knockdown were lower in Ring1B-depleted cells than in the control in our experiments ( Fig. 6B) . Third, we observed both effects (silencing and activation) of Ring1B at CDKN1B and CDC14A. At these loci, Ring1B is necessary to repress basal level expression, whereas it up-regulates gene expression when BAP1 is depleted (Fig. 6B) . Therefore, it appears that Ring1B has two opposing effects on CDC14A and CDKN1B: one is repression, possibly mediated by the silencing function of Ring1B, and the other is activation, which is normally suppressed by BAP1. Depletion of Bmi1, a dimerizing partner of Ring1B, has the same effect as Ring1B knockdown, suggesting that activation of FoxK2 target genes in BAP1-deficient cells is mediated by PRC1. On the basis of these data, we propose a model in which BAP1 suppresses PRC1-dependent activation of FoxK2 target genes. Importantly, our model predicts that PRC1 can be a positive factor for gene expression in the absence of BAP1 (Fig. 6E ). Although this seems surprising given that Ring1B and H2A ubiquitination are generally associated with gene silencing, gene activation by Ring1B has been reported in quiescent lymphocytes (40) . It should be noted, however, that the activating effect of PRC1 becomes detectable only after BAP1 depletion in our experiments. At this point, it is not clear whether this PRC1-dependent activation reflects a normal function of PRC1 or an abnormal condition that occurs only when BAP1 is absent. In either case, our findings might have an important implication in the understanding of BAP1-mutated cancer. Loss of BAP1 in cancer cells might create an unusual condition in which PRC1 elevates expression of tumor-promoting factors.
In conclusion, this study demonstrates an antagonizing effect of BAP1 against PRC1 on FoxK2-regulated genes and uncovers a potential role of PRC1 as a coactivator in the absence of BAP1. Further studies will determine the mechanism of the activation and its implication in the pathogenesis of BAP1-mutated cancer.
